Abstract. The solid spin of ensembles of the nitrogen vacancy (NV) centers in diamond offers unique features to be employed as atomic-scale sensors for detection of weak magnetic field. Here, we mainly demonstrate two types of DC magnetometer based on ensembles of the nitrogen vacancy (NV) centers in diamond with the method of analyzing optically detected magnetic resonance (ODMR) spectra and microwave frequency modulation technology, respectively and experimentally. Firstly, we demonstrate ODMR spectra and resonance frequency of ODMR with the various external magnetic field magnitudes applied to the NV centers in diamond. The minimum detectable magnetic field of the magnetometer is 0.0498 Gauss, and a magnetic sensitivity of 5.22 μT √Hz ⁄ obtained with the analysis of ODMR spectra. Further, we utilize microwave frequency modulation technology and analyze the power spectra of noise of demodulated signal of the Lock in Amplifier. The sensitivity of the magnetometer can reach as low as 14.3 nT/√Hz with microwave frequency modulation. This study lays a foundation for the advancement of magnetic detection research with higher sensitivity based on ensembles of NV centers.
Introduction
Over the past few decades, various magnetometers have been developed to locally probe much weaker magnetic fields on much smaller length scales using approaches including superconducting quantum interference devices (SQUIDS) [1, 2, 3] , magnetic force microscopy (MFM) [4, 5, 6] and magnetic resonance force microscopy (MRFM) [7, 8] . However, the spatical resolution of these sensors is still not significantly better than a few hundred nanometers, and both sensors require cryogenic cooling to achieve high sensitivity, which limits the range of possible applications. Recently, the method of the localized spin triplet ground state in a nitrogen vacancy (NV) center in diamond as an atomic-scale magnetometer has also been proposed because of its high spatial resolution [9, 10, 11] , nano-scale processing and good optical properties [12, 13, 14] . These properties are based on the NV centers' electronic structure which can be optically initialized [15, 16] , coherently manipulated with long coherence time [17, 18, 19] , and read out by purely optical means through its perfectly photo stable spin-dependent photoluminescence (PL) [20, 21, 22] . Nitrogen vacancy in diamond offers the possibility to detect magnetic fields with an unprecedented combination of spatial resolution and magnetic sensitivity, in a wide range of temperatures (from 0 K to well above 300 K) [23, 24, 25] . Here, we measure an external dc magnetic field with ensembles of NV centers, using the direct evaluation of the Zeeman splitting in an optically detected magnetic resonance (ODMR) spectra and microwave modulated technology to realize the high sensitivity, experimentally and respectively. Firstly, we investigate the continuous optically detected ODMR spectroscopy with continuous microwave power and optical pumping power. We then demonstrate ODMR spectra with the various magnetic field magnitudes applied to the NV centers in diamond and evaluate the sensitivity of the magnetometer based on ODMR spectra. In addition, we explore demodulated signal of the Lock-in Amplifier (LIA) and analyze the power spectrum of noise to evaluate sensitivity of the magnetometer with microwave modulation technology can reach as low as 14.3 nT/√Hz currently.
Physics of NV Centers
The NV− center is a C3v point defect in diamond constituting of a substitutional nitrogen atom adjacent to a carbon vacancy, as seen in Figure. 1(a) . The NV− center has six electrons. Five of the electrons are contributed from the dangling bonds of the three neighboring carbon atoms and the nitrogen atom. One extra electron is captured from an electron donor and gives rise to the negative charge state. The axis defined by the line connecting the nitrogen atom and the vacancy is called the NV axis. There are four possible ways that the nitrogen atom can be positioned with respect to the vacancy, leading to four possible NV alignments. In addition, NV− exists a ground state spin triplet with a zero-field splitting between m ୱ ൌ 0 and m ୱ ൌ േ1 of D ≈ 2.87 GHz at room temperature ( Figure.1(b) ). The energy sublevels m ୱ ൌ േ1 in the ground state can be perturbed with an external magnetic field. This paramagnets of the ground state can be mathematically described by the spin Hamiltonian of the system:
where D ୱ is the ground state zero field splitting, S ሬԦ is the spin operator vetor, E ୱ is the ground state strain-induced splitting coefficient, g ୱ is the Landé g-factor and μ is the Bohr magneton. Briefly, the first term corresponds to the energy gap between the two sublevels in the ground state, the second term represents the energy shift due to the strain from the lattice, and the last term is the Zeeman effect . Under an excitation beam at wavelength 532 nm, NV center is polarized in its ground statem ୱ ൌ 0. The application of a microwave field, at the zero magnetic field splitting frequency, causes an increase in the population of the m ୱ ൌ േ1 spin sublevels. This leads to an overall decrease in the fluorescence because of the non-radiative decay via the intermediate metastable state. The observed photoluminescence decrease is called ODMR signal. Above all, the application of a magnetic field and a mw field causes an increase in the population of the sublevels m ୱ ൌ 1 and m ୱ ൌ െ1. Under this circumstance, the recorded ODMR signal shows two dips due to the redistribution of the electrons in the sublevels m ୱ ൌ െ1 and m ୱ ൌ 1.
Experimental Setup
The home-made confocal microscopy was used ( Figure. 2(a) ) to measure the ODMR spectrum in assembly NV center and sense the external magnetic field in bulk diamond sample at room temperature. Green excitation (532 nm) of the NV-centers polarized the electronic spin through optical pumping to the m ୱ ൌ 0 sublevel of the 3A2 ground state. A 50mm Cu wire with the diameter of 20µm as functioning an antenna to emit microwave radiation was fixed on a printed circuit board, and this antenna was soldered to the SMA (Sub-Miniature-A) tip at the end of a microwave coaxial line. The antenna was used to apply microwave radiation resonant with the |0>→|1> transition to the NV centers, thereby coherent manipulation of the spin states was achieved. A magnetic was manufactured to provide a static magnetic field to split the degenerate |±1> levels depending on 2 s s g B µ ( Figure. 1(b) ). The fluorescence from the sample (NV centers) is directed to silicon avalanche photodiodes (PD Thorlabs PDA100A-EC). In addition, Fig.2(b) shows the experimental results of ODMR spectra at the magnetic fields magnitudes of 0 Gauss when the microwave power is 19 dBm. Figure. 3(a) shows a series of splitting of the ODMR spectra with the variation of the external magnetic fields magnitudes which from 0 Gauss to 50 Gauss with increment of 5 Gauss while sweeping the frequency of the microwave field, respectively. The relative change in the fluorescence intensity which corresponds to the degeneracy of m ୱ ൌ േ1 spin sublevels is lifted by the Zeeman effect when a magnetic field is applied on the NV centers. Figure. . herefore, the magnitudes of applied magnetic fields can be evaluated from the sublevel differences in ODMR spectra.
Results and Discussion
We find the splitting of ∆ ms = +1 spin sublevels increases monotonically with the external magnetic field magnitudes increasing; in contrast, the splitting of ∆ ms = -1 spin sublevels decreases monotonically with the external magnetic field increasing, as shown in the Figure. 3(b) . Slopes of the two curves are ୢ ୢ =2.007 MHz/Gauss, respectively. In Figure. In order to make a sensitive measurement of the magnetic field, we utilize a technique in Figure. 4 (a) where the microwave frequency f is modulated around a central frequency f ୡ of the ODMR spectra. The detected signal is demodulated with a lock-in amplifier referenced to the modulation frequency created by signal generator. We monitor the derivative spectra of ensembles of NV spins at the m ୱ ൌ 0 → െ1 and the m ୱ ൌ 0 → 1 transitions. As shown in the Figure. 4 (a), the derivative fluorescence signal as detected in the LIA X output depends linearly on the microwave frequency and can be used for precise magnetic field measurement. Next, the LIA demodulation signal is recorded for a time constant of 100ms and translated into magnetic field variations. Then, a fast-Fourier transform of frequency spectrum analysis is performed to extract information of the magnetic field noise. In addition, we analyze the noise-limit dependence of the frequency in the system based on the microwave modulation technique, which is shown in Figure. 5. In this figure, we can find that noise limit decreases from several tens of nT √Hz ⁄ to pT √Hz ⁄ as the frequency increases, which can be used to understand the technical noise level of the magnetometer. Therefore, we can evaluate the noise floor of our magnetometer is flat and around 14.3 nT/√Hz with microwave frequency modulation technology. 
Conclusion
In summary, this paper focuses on the two methods of measuring the external magnetic field based on ensembles of NV centers. Firstly, we introduce the physics of NV centers and the theory of ODMR spectra. Next, we analyze the ODMR spectra as a function of various magnetic field magnitudes applied to the NV centers in diamond and obtain measurement of the magnetic field, we apply an frequency modulation microwave followed by a lock-in technique on the resonance frequency, and estimate a spin-projection limit at approximately as low as 14 nT/√Hz experimentally. In the further research, we will use a pulse sequence method and reduce the ratio of paramagnetic impurities to nitrogen-vacancy centers to increase the magnetometer sensitivity.
